One of the sources of fluxgate noise is the noise originating in the magnetic core. Several parameters, such as anisotropy and shape, are traditionally studied and optimized to reduce the noise. In this paper, we show how the magnetostriction influences the noise of the fluxgate. We electroplated NiFe thin-film over a copper layer using different current density. By energy-dispersive X-ray spectroscopy we show that the mutual percentage of Fe and Ni in the film depends on the current density. As a result the magnetostriction is changed from negative to positive values, with minimum magnetostriction found at around Fe 19 Ni 81 composition. When we used these ring cores as base for a fluxgate we observed that the noise rapidly rises as the absolute value of magnetostriction increases, while the minimum noise is achieved at lowest value of magnetostriction. An increase of one order of magnitude of the magnetostriction causes and increment of almost two orders of magnitude in the noise. Therefore, we conclude that it is vital to employ alloys with the lowest possible magnetostriction as core for fluxgates.
I. INTRODUCTION
O NE of the key points for a precise fluxgate magnetometer is a core with low magnetic noise. Many factors influence the magnetic noise of a fluxgate core; for instance, it was shown that moderate anisotropy perpendicular to excitation direction helps to decrease the noise [1] . The geometry of the core has also influence on sensitivity and noise of the fluxgate [2] . Another factor is magnetostriction: traditionally it is believed that low magnetostriction is favorable to achieve low noise in fluxgate [3] , [4] . Recently, Hsu et al. [5] analyzed the influence of magnetostriction on power losses and acoustic noise of cores composed of amorphous tape. However, a systematic study on this topic is still missing. In this paper, we show how the magnetostriction of electroplated NiFe films influences the noise of a fluxgate when those films are used as core of the sensor. We electroplated several ring cores using different current density. Then, we measured the magnetostriction by bending the ring and observing the change of saturation field as a function of the bending stress. Next, we measured the composition of the film (percentage of iron and nickel) and we observed that different current density cause different composition and in turn different magnetostriction. Finally, we measured the noise of the fluxgate manufactured with this cores and we observed it strongly depends on magnetostriction.
II. ELECTROPLATING OF THE CORES
To investigate the dependence of the fluxgate noise on the magnetostriction we prepared 38 ring cores with different magnetostriction. The cores are composed of a NiFe film electroplated on a 9 μm thick copper layer located on a 250 μm thick glass fiber substrate. The copper layer has been obtained by electropolishing a thicker layer (18 μm) in orthophosphoric acid to reduce both its thickness, and thus the losses due to eddy currents, as well as the roughness of the surface. The ring cores have 28 mm external diameter and 18 mm inner diameter (Fig. 1) .
The bath was composed of
, and saccharin (6 g/L) in demineralized water [6] , [7] . The temperature was thermostatically adjusted to 55°C. The copper layer was connected to the current source by four terminals at π/2 to assure uniform current density along the circumference. A grid of platinum wire on a polytetrafluoroethylene disc, about 3 cm 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. above the substrate, served as anode. The stirring was assured by a magnet bar rotating in the center of the ring core; in this way the speed of the liquid was uniform along the whole circumference of the ring.
The speed of stirring was large enough to remove the bubbles of gas originating during electroplating. This gave as a result a very uniform and defect-less electroplated film. The pH of the bath was adjusted to 2.80 adding KOH to the solution.
To obtain films with different magnetostriction we changed the current density from 10 to 40 mA/cm 2 . Since we required films with the same thickness we adjusted the electroplating time in inverse proportion of the current density, so that the quantity of charge was constant for all the cores regardless the value of current density. As a reference we electroplated for 30 min for j = 10 mA/cm 2 . In this way, the thickness of the NiFe film was estimated as 6 μm as determined by Talystep measurement.
III. COMPOSITIONAL ANALYSIS
We characterized the composition of the electroplated films by means of Energy-dispersive X-ray spectroscopy(EDX), to obtain for each sample the percentage of Fe and the complementary percentage of Ni.
First, we investigated the uniformity of the cores by measuring the composition in several spots around the circumference and we verified that it varies within ±0.5%. The only significant difference in the composition was noticed around the terminals that bring the electroplating current to the copper substrate (Fig. 1) . As we got closer to the connecting spot, the percentage of Fe increased up to 3%-4%. We assume this is due to larger current density close to the terminal (Fig. 2) . The percentage of Fe linearly increases as we increased the current density. As shown in Fig. 3 , at j = 10 mA/cm 2 the content of Fe is 13% (and therefore Ni was 87%) whereas at j =10 mA/cm 2 the percentage of Fe increased to 27% (Ni was then 73%).
However, we must note that the standard deviation highlighted in the graph is not negligible. While in some cases all samples electroplated at the same value of current density have very similar composition (within ±0.5%) in some other case the standard deviation might reach 1.5%. Over a sufficiently high number of samples this differences are compensated and the dependence of the average percentage of Fe on current density exhibits linear behavior. One of the possible variables that might affect the composition uncertainty is the speed of stirring, which was not controlled to be the same in all cases. Another possible parameter affecting the composition might be the reusing the bath for more samples (we typically used the same bath for electroplating four cores).
IV. MAGNETOSTRICTION MEASUREMENT
The magnetostriction has been then measured using the Becker-Kersten method [8] , other methods were not feasible due to the ring-core shape of the core. We measured the B-H loops by conventional induction method at 200 Hz: the primary coil was composed of 270 turns uniformly distributed along the whole circumference, while a short pick-up coil (2 mm wide) consisted of 15 turns. To apply a well-defined strain on the core we manually bended the samples on a plastic support: we used cylindrical supports 161, 105, 84, and 55 mm radius, respectively. The pick-up coil was place with sensing axis parallel to the direction of bending. Fig. 4 shows the B-H loops of a ring core electroplated at 19 mA/cm 2 with no bending and with the previously mentioned bending radii (the NiFe film was on the outer side so that the bending produced tensile stress in the film). The magnetostriction was negative in this case.
To calculate the magnetostriction we defined according to the Kersten method the saturation field H S as the field at which B reaches 90% . In Fig. 5 , we can see that the dependence of the saturation field H S on the stress σ applied to the film as a result of the bending is linear. From this graph, we derived H S / σ . The stress was calculated considering the tensile strain obtained by bending the sample and the Young's modulus of the fiber glass substrate (about 15.3 GPa). We assumed the strain is dominated by the fiber glass due to its higher thickness (250 μm) despite of larger Young's modulus of metallic films (6 μm NiFe and 9 μm Cu) [9] .
The magnetostriction coefficient λ S was then calculated from [10] 
For samples with positive magnetostriction we bent the sample in opposite direction (i.e., with the NiFe film on the inner side) so that we achieved compressive strain in the film. The magnetostriction as a function of Fe content is shown in Fig. 6 . Fig. 7 . Dependence of the noise spectral density at 1 Hz of the fluxgate on the magnetostriction coefficient of the magnetic film used as a core. The minimum noise is achieved for the lowest magnetostriction, while it rapidly increases for both positive and negative magnetostriction.
V. NOISE MEASUREMENTS
We used the prepared samples as ring cores for fluxgate sensors. The pick-up coil (150 turns 19 mm wide) was wound on a plastic support, in which the core was encapsulated. The excitation current was 1.9 A pp at 20 kHz and the pick-up coil was tuned to second harmonic by an external capacitor. The second harmonic was extracted by a Signal Recovery 7265 lock-in amplifier. The noise was measured with the sensor inserted in a four layer shield.
The noise was not always uniform along the circumference of the core; in some cases, the noise was slightly larger if we exposed some parts of the core under the pick-up coil rather than another part of the core. This is probably due to small imperfections of the film that cause the core to be locally noisy. Therefore, we rotated the core and we considered the lowest achievable noise, i.e., the noise that is related mainly to the fundamental characteristics of the magnetic film, such as magnetostriction.
In Fig. 7 , we plot the power spectral density of the noise at 1 Hz versus the magnetostriction of the cores. We can see that the noise reaches its minimum around zero magnetostriction and it rapidly rises for both positive and negative magnetostriction. The noise is clearly influenced by several other parameters, which is typical for fluxgates. By producing many cores we, however, obtained statistically meaningful data. The dependence of the noise on the magnetostriction is very clear and confirms the role played by magnetostriction as was predicted by Wiener [11] for bulk permalloy.
In our case, where the core is electroplated on a fiber glass support, we believe that the magnetostriction influences the fluxgate noise because it causes a strong link between mechanical stress applied to the film and its magnetic properties. In case of high magnetostriction a mechanical stress to the sensor causes a change of the B-H loop of the core, and therefore, the output voltage of the fluxgate. In this way, the sensor is more sensitive also to vibrations or thermomechanical stress.
VI. CONCLUSION
We have shown the influence of magnetostriction on the noise of a fluxgate sensor with electroplated core. From the dependence of the noise on magnetostriction it is clear that low magnetostriction of the material is a vital condition to achieve minimum noise.
While we show that the current density is responsible for the composition of the film, and therefore also for the magnetostriction, the core parameters are still nonnegligibly different even if electroplated under the same conditions. The standard deviation of the composition indeed sometime differs of few percents when we consider the amount of Fe and Ni. To obtain an ideal Fe 19 Ni 81 alloy we must electroplate several cores and select the best one. While this is acceptable at research stage, for any manufacturing process is inevitable to improve the electroplating process to be able to control the composition of the film more precisely. However, large variation in the noise values of individual sensors in one batch is typical also for sensors having cores made of classical crystalline or amorphous magnetic tapes.
